Abstract Mercury is a well-known toxic element, and flue gas streams emitted from coal-fired utilities are one of the largest anthropogenic sources of this element. This study briefly reviews the proposed technologies for reducing mercury emissions from coal combustion, focusing on an emerging process which involves the use of regenerable sorbents and especially those loaded with noble metals. Among the mercury species formed during coal combustion, elemental mercury is the most difficult to remove from the flue gases due to its low reactivity and insolubility in water. The widespread interest in using regenerable sorbents with metals is due to their ability to retain elemental mercury. With this technology, not only can efficiencies of 100 % be reached in the retention of elemental mercury but also a way to avoid the generation of new wastes loaded with mercury. This study considers the main aspects that must be taken into account when developing effective regenerable sorbents for mercury capture, with special attention to sorbents containing noble metals. The characteristics of this process are compared with those of other processes in a more advanced state of development.
Introduction
Since mercury is a hazardous air pollutant, the control of mercury emissions to the environment has been the subject of increasing interest and there is growing concern about the need to prevent its toxic effects on the environment and human health. Some of these health hazards include alterations to the nervous system, neurological disorders, kidney and thyroid damage, and even death (WHO 2016) .
At present, anthropogenic mercury emissions are not globally regulated. However, several countries and organizations have introduced a series of guidelines and regulations to reduce the mercury emissions from these sources (EPA 2011; Council of UE 2011) . Recently, in the Minamata Convention on Mercury, delegates from over 140 countries adopted a new multilateral environmental agreement that addresses several specific human activities that are contributing to widespread mercury pollution. Of these human activities, coal combustion was named as a priority requiring urgent action (Jarvis and Maag 2015) .
Although mercury emissions into the atmosphere come from a large number of human activities, such as ferrous and non-ferrous metal-manufacturing facilities, the chlor-alkali industry, cement production plants, and gold mining, coal combustion is the major source of emissions, releasing approximately 474 t of mercury into the atmosphere every year, compared to around 10 t from the burning of other fossil fuels (UNEP 2013) . Asian countries are the highest contributors to anthropogenic mercury emissions, accounting for more than 45 % of the global total, whereas the European Union (EU) and North and South America contribute about 20 % (Rallo et al. 2012) . Because coal combustion is the main source of energy in China, this country is the largest mercury emitter in the world (Pirrone et al. 2010) . As a consequence of the rapid economic development of some countries and the growing energy demands of developing and developed countries, mercury emissions from coal burning can be expected to increase in the near future (Pacyna et al. 2010a, b) .
In order to find possible solutions to this problem, the present work briefly reviews the state of the art of mercury control technologies for coal combustion power plants and focus on one in particular: the use of regenerable sorbents loaded with metals.
Mercury control technologies
The different mercury behavior in coal-fired power plants makes it difficult to generalize in terms of the applicability, effectiveness, and costs a unique mercury technology to mercury control. Moreover, any progress made in this field needs to be properly implemented through regulatory and political programs taking into account the social and cost impacts (Jarvis and Maag 2014; Seung-Whee 2016 , Pacyna et al. 2010a Sundseth et al. 2010) . These are the fundamental challenges that must be considered when searching for the best process to control mercury from coal combustion.
The reduction of mercury emissions from coal power plants can be tackled in several ways, some of which might be by using fuels with low mercury concentrations, by cleaning the coal to reduce the content of this element before combustion (López-Antón et al. 2006; Martinez-Tarazona et al. 1991; Garcia et al. 1994; Toole-O'Neil et al. 1999) or by thermal treatment of coal for removing volatile trace mercury species (up to 89 %) from the coal prior to combustion (Bland et al. 2008) . However, the use of coals with low mercury concentration is not considered a realistic approach and no satisfactory results have been obtained from cleaning the coal, mainly because mercury is generally associated with sulfur minerals or organic matter and both types of species are difficult to separate from coal (López-Antón et al. 2006) . The most promising method of reducing mercury emissions in the pre-combustion stage has been shown to be that of configuring the boilers for reactants capable of oxidizing mercury. An example of this is the addition of bromide species to the boiler (Vosteen et al. 2005; Vosteen et al. 2010; Berry 2007) . Efficiencies up to 90 % indicate that bromide compounds effectively oxidized elemental mercury. The advantage of this process is that the oxidized mercury can be physically or chemically captured in fly ash particles, and then be collected by particle control devices, such as electrostatic precipitators (ESPs). Oxidized species are also readily solubilized in water in the flue gas desulfurization units (FGD). However, until now, the main focus of research and development for reducing mercury emissions from coal combustion has not been precombustion strategies but rather post-combustion technologies (Fig. 1) . These technologies can be classified into two groups as explained below:
A multi-pollutant control strategy as a co-benefit for controlling mercury emissions This option is based on a multi-pollutant control approach that would deliver co-benefits for the control of mercury emissions. In these processes, the gas cleaning systems, already installed in power stations, are optimized for simultaneously reducing mercury. Coal combustion releases mercury in oxidized (Hg 2 + ), elemental (Hg 0 ), or particulate-bound (Hgp) forms. As already mentioned, elemental mercury is a species that is difficult to control because of its high volatility and its insolubility in water, and consequently, it is generally emitted with the flue gases. The gaseous oxidized mercury species and mercury bound to particles can be retained in the control systems installed for capturing SOx (FGD) and particulate matter (ESP and bag filters (FF)), respectively (Ochoa-González et al. 2011; Abad-Valle et al. 2011) . The advantage of FF is that it allows a longer contact time between particles and the flue gas favoring mercury capture. Apart from these technologies, if power plants have systems for controlling NOx, specifically selective catalytic reduction (SCR) systems, these can promote the oxidation of mercury facilitating its subsequent capture in FGD or particulate control systems (Fernández-Miranda et al. 2016) . With these gas cleaning devices already working in most power plants, mercury capture efficiency may vary between around 10 and 90 %. As expected, the highest values of mercury reduction were attained by plants with all three control systems: DeNOx, ESP, or FF and FGD (Pavlish et al. 2010; Pavlish et al. 2003 ). The point is that, in general, these measures are not sufficient and therefore enormous efforts are being made not only to improve their mercury capture performance but also to develop new mercury-specific technologies.
Specific mercury removal process from flue gas
The most commonly used specific technology for mercury capture in coal-fired power plants is the injection of solid sorbents into the flue gas. The sorbent is injected into the gas, generally at the exit of the boiler and before the capture of ashes (ESP or FF) . In this case, the mercury interacts with the particles of the sorbent and is removed together with the fly ash particles in the particle control devices. Of the different possible sorbents, zeolites have been employed for mercury retention with satisfactory results (Liu et al. 2010) . Their excellent stability at temperatures above 400°C in an acidic flue gas environment makes zeolites an excellent choice as mercury sorbent or mercury-sorbent support. Leachability studies have also shown that zeolites may be safely disposed of in landfill Morency et al. 2000) . However, activated carbons are the most mature and commercially available sorbents tested at industrial scale (Pavlish et al. 2003; Sjostrom et al. 2010) . In studies carried out at pilot and industrial scale, it has been found that a C/Hg weight ratio of between 2000 and 15,000 attain mercury removal efficiencies ranging from 25 to 95 % (Pavlish et al. 2010; Pavlish et al. 2003; O'Dowd et al. 2004 ). It must be also taken into consideration that flue gas composition may cause a problem for mercury removal with sorbent injection, i.e., the presence of SO 3 in the flue gas may decrease mercury capture by activated carbons (Sjostrom et al. 2009 ). Therefore, although it has already been demonstrated that a high efficiency can be reached in mercury capture by the injection of some activated carbons, other problematic issues must be considered before this technology is implemented (Granite et al. 2000; PflughoeftHassett et al. 2009 ). The most notable are as followed:
1. The high annual costs, mainly due to the high cost of the preparation of the sorbent and especially when they need to be impregnated with sulfur or halogens by chemical adsorption to improve the mercury capture. Recent studies estimate that the cost of using activated carbon to achieve efficiencies of approximately 82 % ranges from US$110,000 to US$150,000 per kg of mercury (Liu et al. 2010 ). 2. The impossibility of regenerating the sorbent. Most activated carbons perform with chemical adsorption mechanisms with the subsequent difficulty for regeneration. The adsorption decreases after regeneration of the spent activated carbon due to deactivation of actives sites (Granite et al. 1998 ). In the case of a sorbent that captures mercury via a physical adsorption mechanism based on a large surface area, the sorbent can be regenerated but only for a limited number of cycles (Granite et al. 2000) .
In addition to the two main problems mentioned above, it must be considered that these carbon sorbents are recovered together with fly ashes in the particle control devices and the co-capture of carbon materials undermines the quality of the ashes, which could have been used as a building material. The mixture of carbon adsorbent and fly ashes constitutes a new mercurycontaminated waste that is repeatedly generated and disposed of in landfills.
An attractive alternative to the injection of conventional solid sorbents is the use of regenerable sorbents. Of these, those impregnated with noble metals have attracted most interest. Theoretically speaking, a sorbent containing a noble metal can retain mercury via amalgamation and can be regenerated an unlimited number of times. An example of the application of sorbents based on mercury-gold amalgamation is the project MerCap™ (Mercury Control Adsorption Process) (NETL 2006) , which was tested in two coal-fired utilities. Unlike the injection of activated carbons, on which numerous studies have been carried out, few have been conducted on regenerable sorbents and the main aim of this study is to review and discuss the most significant. Regenerable mercury sorbents loaded with noble metals Sorbents loaded with noble metals have been extensively employed on a low scale to concentrate gaseous elemental mercury in devices for mercury analysis. The modus operandi for the retention of mercury in coal combustion processes could be based on the same principle. In these devices, mercury is pre-concentrated by amalgamation on a support loaded with a noble metal (silver, gold, and platinum). The collector is subsequently heated, releasing the adsorbed mercury, which is finally detected by the specific detector of the equipment. Figure 2 shows an example of the behavior of a regenerable sorbent loaded with a noble metal that was tested for mercury capture in coal combustion conditions (Rodriguez-Pérez et al. 2011; Rodriquez-Pérez et al. 2013) . It can be observed that in the first step, the mercury is adsorbed with 100 % efficiency and in the second step, that of regeneration, the mercury/metal amalgam decomposes at temperatures between 400 and 500°C, releasing mercury as a gas which leaves the support clean and ready for further mercury capture cycles (Rodriguez-Pérez et al. 2011; Rodriquez-Pérez et al. 2013 ).
Impregnation of the support with noble metals
As previously mentioned, mercury (in elemental form), may amalgamate with noble metals such as gold, silver, copper, palladium, and platinum (in elemental form). For example, palladium sorbents, recently developed by the US Department of Energy and Johnson Matthey, showed a great mercury removal from high temperature gas streams, typically syngas (Baltrus et al. 2008; Baltrus et al. 2010; Baltrus et al. 2011; Granite et al. 2006a Granite et al. , 2006b Munson et al. 2014; Poulston et al. 2007; Poulston et al. 2011; Rupp et al. 2013 , Uffalussy et al. 2014 . In fact, the palladium sorbents, licensed to Johnson Matthey in March 2007, are currently being demonstrated for the removal of mercury, arsenic, and selenium from coal-derived fuel gases at lab through pilot-scales being regenerable for many cycles. However, for these metals to effectively capture mercury, the following issues must be taken into consideration:
1. The concentration of the metals. In studies carried out so far with sorbents containing different amounts of noble metals, no relation was found between mercury retention capacity and the concentration of the metal. Dong et al. (2009) varied the amount of silver from 1.1 to 27.6 % and concluded that the size of the silver nanoparticles and the state of the silver had more influence on mercury capture than did the total silver content. Similar conclusions were drawn in other studies (Rodríguez-Pérez et al. 2011; Izquierdo et al. 2011) . Rodriguez-Perez et al. (2011) tested a sorbent prepared with an activated carbon impregnated with gold in concentrations varying from 0.05 to 5 %. An increase in the gold content of the sorbent was not found to be relevant for mercury capture as they expected. Efficiency and retention capacity were mainly dependent on the distribution and accessibility of the gold particles on the surface of the support. Impregnation with the highest amount of gold (5 %) entailed the formation of large-sized aggregates which in turn reduced the accessibility of mercury From the results obtained, it can be concluded that it is necessary to obtain a sorbent with optimum performance to achieve equilibrium between the metal content and the metal size distribution.
2. The size and distribution of the metals on the support. In light of these findings, some work has been carried out to assess the influence of noble metal distribution on the support. Schaedlich and Schneeberger's (1997) results reproduced in a patent concluded that to retain mercury with high degree of efficiency, it is necessary that the noble metal is extended over a large surface area. It was found by Levlin et al. (1999) that the gold and silver in monolayer is effective for mercury retention. Moreover, they inferred that adsorption of mercury on these surfaces was a complicated multi-atomic process and that the saturation level of gold and silver thin films varied according to the adsorption temperature and concentration of mercury in the carrier gas. Moreover, a continuous thin gold film can be transformed into a discontinuous film consisting of separated gold islands depending also on the gas composition (Kobiela et al. 2003) . A way to increase the surface area of metals for more effective mass transfer between mercury and the metals is to incorporate the metals in the form of nanoparticles. This method of preparation also reduces the amount of noble metal necessary to impregnate the support, decreasing the cost of the materials. A study where silver nanoparticles were deposited on zeolite through ion exchange of sodium ions with silver ions, followed by thermal reduction (Liu et al. 2008) , showed a higher mercury retention capacity than did the conventional activated carbon-based sorbents in real flue gas environment. Gold nanoparticles can be obtained by methods based on the formation of gold colloids that are then dropped onto a solid support (Önal et al. 2004; Kimling et al. 2006; Tanyakon et al. 2010; Khannaa et al. 2005) . Most of these methods are based on the preparation of a colloid in which a gold salt, such as HAuCl 4 ·3H 2 O, in the presence of a reducing agent, forms Au 0 in a medium that prevents the agglomeration of gold particles. The stabilizers most frequently employed are polyvinyl alcohol (PVA), trisodium citrate, and tetrakis(hydroxymethyl) phosphonium chloride (THPC). In the method that uses PVA, reductants such as NaBH 4 or hydrazine and sodium formaldehyde, among others, are necessary for the reduction of Au 3+ before the impregnation, whereas for the methods based on trisodium citrate and THPC, the trisodium citrate and THPC themselves act as the reductants in controlled conditions. These methods were probed to be very useful methods for depositing nanoparticles of Au 0 (2-5 nm), achieving efficiencies ranging from 30 to 82 % (Rodríguez-Pérez et al. 2011). As an example, Fig. 3 schematizes and compares two methods of preparation, one that uses PVA as stabilizer and NaBH 4 as reductant, while the other uses THPC as both stabilizer and reductant. However, the role that the characteristics of the support play in the final gold nanodispersion is of paramount importance. As will be explained later, different kinds of support can be used to prepare the sorbents.
A novel concept for Au 0 nanoparticle deposition is that based on the reduction of Au 3+ to Au 0 by the carbon material itself (Ballestero et al. 2013) . The supports evaluated for this procedure were honeycomb monoliths made exclusively of carbon. Gold nanoparticles were deposited by direct reduction of the Au 3+ compound onto the carbon material without using other chemical compounds.
3. The possibility of degradation of the active metal when it is in contact with corrosive gases. The noble metal layer exposure to flue gases, such as SO 2 and HCl present during coal combustion and heating, may lead to the transformation of aggregates into larger islands of micrometric sizes which could lead to inefficient mercury capture (Nowakowski et al. 1997; Schaedlich and Schneeberger 1997; Battistoni et al. 1996) . Studies carried out at laboratory and pilot scale by Butz et al. (2000) demonstrated that noble metal sorbents were severely degraded by certain flue gas components. The loss of metal and the coalescence of crystallites resulted in reduced sorbent capacity. By contrast, Long et al. (1973) showed that a sorbent loaded with silver did not lose its effectiveness in the presence of different concentrations of SO 2 , H 2 S, and NO 2 in regeneration experiments that were carried out at room temperature. Similar results have been obtained in more recent studies (Rodríguez-Pérez et al. 2013 ) performed in a simulated coal combustion atmosphere (O 2 + NO + SO 2 + HCl + CO 2 + H 2 O + N 2 ). It was found that an activated carbon loaded with 5 % of gold was able to capture mercury with 100 % efficiency over several cycles of regeneration without degradation. The presence of SO 2 , NOx, CO 2 , or O 2 was also found to have a negligible impact on the mercury retention capacity of a carbon nanotube-silver composite (Luo et al. 2010) . Gómez-Giménez et al. (2015) evaluated the effect of the gas composition (CO 2 , N 2 , SO 2 , and O 2 ) on a gold/carbon sorbent. The presence of SO 2 in the flue gas led to mercury oxidation when gold nanoparticles were present. In this study, it was concluded that elemental sulfur was deposited on the sorbent surface because gold nanoparticles are acted as catalysts for the decomposition of SO 2 . This regenerable sorbent could then be used upstream of the FGD units, because of the retention of Hg 2+ in this unit, or downstream of the FGD because of the absence of Hg 2+ , or the very low concentration of Hg 2+ in the absence of SO 2 .
It should also be considered that although a gas cleaning process using regenerable sorbents can be situated at different locations in a power plant, if this is sited at the end of the cycle (Fig. 1 ) and the power plant is suited with all possible gas cleaning process (DeNOx, particle control devices, and FGD), Hg 0 will be the main specie at this point. Therefore, these sorbents could be used not only in conventional coal combustion plants (pulverized coal combustion plants (Fig. 1) or fluidized bed combustion plants) but also in other processes such as in oxy-coal combustion or in natural gas production (Yan 1994) .
Supports for noble metals
Most of the sorbents already prepared and evaluated for use in the retention of mercury in gas phase have been tested on two main types of support: inorganic supports and carbon materials (Liu et al. 2010) . Among the first category, zeolites are the most extensively used. Zeolites are good supports for mercury capture due to them having a robust and versatile structure, which serves as an excellent interphase for various active species. Through ion exchange, metals can be introduced on zeolites as ions such as copper and silver cations to balance the structural charge. The treated zeolites present high potential for mercury capture with good regenerability. The advantage of using zeolites over carbon-based sorbents is their resistance to acids. However, in general, carbon-based sorbents have a higher mercury retention capacity and their surface chemistry can be easily modified to favor the dispersion of a noble metal (Izquierdo et al. 2011) . Moreover, supports based on activated carbons can be effective for the retention of Hg 0 and Hg 2+ (Rodríguez-Pérez et al. 2013) . It has been found that an activated carbon loaded with gold is able to retain Hg 2+ on its own carbonaceous support in the presence of chloride and Hg 0 by a process of amalgamation (Rodríguez-Pérez et al. 2013) . Silver synthesized on the surface of a carbon nanotube achieved total mercury capture at 150°C, and then its mercury adsorption capacity was restored at 330°C by heating (Luo et al. 2010) ). Izquierdo et al. (2011) used carbon monoliths with honeycomb structure as supports for gold, as monoliths have the advantage that they can avoid pressure drop when they are used in the fixed bed of a power plant.
Regenerable mercury sorbents loaded with metal oxides
Most regenerable sorbents are developed by loading them with noble metals by means of the formation of an amalgam, which is the main theme of the present review. However, this review would not be complete without mentioning other types of metals and interactions that also allow sorbents to be regenerated. This is the case of some metal oxides deposited on a large surface area support. This type of sorbent has the ability to capture mercury and other trace elements at very high temperatures (200-400°C) and has been tested for the retention of toxic metals in gasification processes (Diaz-Somoano et al. 2004; Portzer et al. 2004; Poulston et al. 2007 ). Scala et al. (2013) developed a regenerable sorbent based on manganese oxide impregnated on high surface area γ-alumina and supported as a thin layer on cordierite honeycomb monoliths. The sorbent showed a good capability for mercury capture up to 300°C and was completely regenerated at 500°C. No decrease in mercury retention capacity over repeated cycles of mercury adsorption/desorption was observed.
Injection of activated carbons versus regenerable sorbents to control mercury emissions in coal-fired power plants
As already mentioned, the injection of activated carbons upstream of the particle control devices is the most developed technology for mercury capture in coal combustion power plants. Therefore, we cannot end this review without attempting a comparison between the technology reviewed in this paper and the technology most commonly studied. It is not an easy task to compare these two different types of technology because among other factors, the capacity of each technology for mercury retention is not well illustrated and will depend on the characteristics of the power plant, the control systems installed for other pollutants, the type of fuel, the concentration of mercury in the flue gas, etc. What we can try is to compare results from the data available so far. Moreover, some of the limitations of both processes have already been mentioned above. Table 1 presents the main characteristics of the two processes. Few studies have attempted to compare these two technologies in terms of costs. Dong et al. (2009) estimated that for a flue gas containing 10 μg m −3 of Hg of which 40 % is Hg 0 , an injection rate in the order of 71 kg of magnetic zeolite with silver per one million cubic meters of flue gas is sufficient to retain 80 % Hg 0 . Although this regenerable sorbent has a much smaller surface area than an activated carbon, the results obtained were similar to those achieved with 24 kg per one million cubic meters of a commercial activated carbon specifically designed for Hg 0 capture (Jones et al. 2007; . 2008) . If these data are precise, the initial inversion required for the preparation of a regenerable sorbent where expensive noble metals are used to obtain the sorbent will be higher. However, a clear advantage to these regenerable sorbents is that the initial cost can be recovered by using the same sorbent over several cycles. In a preliminary economic study carried out by RodriguezPerez et al. (2013) for a regenerable sorbent based on an activated carbon loaded with 5 % of gold, assuming that the sorbent would be employed in a 1200-MW pulverized coal combustion power station equipped with a flue gas desulfurization unit and that the mercury concentration in the flue gas would be 8.6 μg m −3 for a flow rate of 131,147 m 3 h −1 , it was estimated that the amount of sorbent required to achieve an efficiency of 100 % would be approximately 28 kg.
Conclusion
Mercury is an element of primary environment concern and numerous efforts are being taken to reduce its emission from coal combustion processes. Although several different technologies are currently being investigated, recent advances seem to indicate that the future trend will be based on not only technologies that retain mercury efficiently but also those that do not produce new wastes contaminated with mercury. Although the use of a regenerable sorbent, and in particular a regenerable sorbent with noble metals, is still at an early stage, studies conducted so far provide a promising basis for the future development of these technologies. For these reasons, future studies need to be focused on the main factors that will affect the viability of regenerable sorbents: the type of support, the dispersion of metals on the support, and the presence of acid gases.
